Recent discoveries in the field of air pollution toxicology highlight the potential impact of specific sources of air pollution, especially related to roadway emissions, on acute and chronic cardiovascular disease. This review covers potential mechanisms, both in terms of biological pathways and chemical drivers, to explain these observations.
INTRODUCTION
Air pollution is a ubiquitous and complex environmental health concern. Even at levels within the Environmental Protection Agency's allowable limits, trends for increased cardiopulmonary morbidity and mortality due to particulate matter have been routinely demonstrated in large population studies. The WHO estimates that the global impact of air pollution is roughly 800 000 premature deaths per year, the vast majority arising from cardiopulmonary outcomes [1] . More recently, it has been estimated that air pollution in the United States causes an average loss of 7 months of life per person [2] . Particulate matter levels are associated with both acute cardiac events [3 & ,4] as well as chronic progression of atherosclerotic disease [5, 6] . These relationships have been firmly established for a singular pollutant, airborne particulate matter, but substantial evidence for other pollutants has been reported as well, especially those associated with traffic sources [5] . Unfortunately, our understanding of the underlying mechanism for exacerbated cardiovascular disease by air pollution is inadequate, which limits our ability to manage vulnerable populations and establish precise, effective regulatory policies.
A major unanswered question relates to the transference of toxicity from pulmonary exposures to systemic vascular outcomes. Growing evidence suggests that inhaled air contaminants evoke a systemic innate immune response that promotes vascular diseases. Recent studies highlight a role for immunomodulatory pattern-recognition receptors, including Toll-like receptors (TLRs) and the lectin-like oxidized low-density lipoprotein (oxLDL) receptor (LOX-1) for driving the extrapulmonary inflammatory manifestations [7 && ,8 && ]. Expression of LOX-1 is elevated in systemic arteries following exposure to a diverse profile of air pollutants, including diesel emissions, gasoline emissions, and ozone [7 && ,9] ; blocking LOX-1 abrogates exhaust-induced aortic lipid peroxidation and inflammation. Furthermore, circulating LOX-1 levels are elevated in both mice and humans following acute exposures. Likewise, recent work on airborne particulate matter highlights a similar role for TLR-4, which is thought to mediate similar outcomes [8 && ]. The following sections provide a background of relevant research findings and potential.
ATHEROSCLEROTIC OUTCOMES IN CONTROLLED EXPOSURE STUDIES
Over the past 15 years, the investigation into the effects of air pollution exposure on human health has focused on the progression of cardiovascular disease, namely atherosclerosis, as well as onset of clinical cardiovascular events. Although the majority of the published reports of associations between air pollution exposure and its sequelae on the human cardiovascular system are derived from studies involving daily particulate matter and gaseous pollutant levels and corresponding hospital admissions for cardiovascular events and relative mortality [4, 6, [10] [11] [12] [13] [14] , there are a subset of human studies that have investigated the effects of air pollution exposure on the cardiovascular system using controlled exposure studies. For example, in a cohort of 60-80-year-old men, exposure to concentrated ambient air pollution particles (CAPs) caused significant decrease in heart rate variability, which was not observed in a similar study with young, healthy volunteers [15] . In a cohort of volunteers with prior myocardial infarction, exposure to diesel exhaust (300 mg particulate matter per m 3 ) for 1 h during periods of rest and moderate exercise resulted in increased ischemic cardiac burden and decreased release of endothelial tissue plasminogen activator (tPA) [16] , a key regulator of endogenous fibrinolysis. Similarly, diesel exhaust exposure decreased release of tPA in healthy individuals exposed to the same levels and time periods [17] , an effect that persisted at 6 h postexposure.
Other studies report a causative role of components of air pollution, such as vehicular emissions, on altered thrombosis or changes in hemostasis. A double-blind randomized crossover study in which 20 healthy volunteers were exposed to either dilute diesel exhaust or filtered air reported that inhalation of diesel engine emissions resulted in increased platelet activation and thrombus formation [18] . Additionally, diesel exhaust exposure has also been reported to induce plasma cytokine production and decrease endothelium-dependent vasodilation in healthy male volunteers [19] . These combined results suggest that air pollution exposure can result in altered cardiac function, blood pressure regulation, and fibrinolysis in humans after an acute exposure, a combination of which likely account for the associations reported in epidemiological studies.
In addition to effects on cardiac function, thrombosis formation and fibrinolysis regulation, acute exposures to traffic-generated air pollution have also been reported to induce expression of factors associated with progression of atherosclerosis and subsequent plaque rupture. In healthy humans, a 2 h exposure to 100 mg particulate matter per m 3 of diesel exhaust during periods of exercise and rest resulted in a significant increase in plasma levels of endothelin-1 (ET-1) and oxides of nitrogen [20] , which are associated with atherosclerotic plaque growth [21] . Additionally, diesel-exposed individuals exhibited elevated total and active matrix metalloproteinase-9 (MMP-9), which have been associated with plaque rupture in humans [22] . Results from this same cohort show alterations in plasma lipids and upregulation of the soluble form of the oxLDL receptor, LOX-1, with exposure to diesel exhaust [7 && ], both of which have been shown in human studies of progression of atheromatous plaque growth and rupture [23, 24] .
A more in-depth understanding of the mechanisms involved in the observed effects, including progression of atherosclerosis, of exposure to air pollution seen in human studies has been provided through numerous animal studies involving both acute and chronic exposures of components of air pollution. Exposure of Watanabe heritable hyperlipidemic rabbits to PM10 (particulate matter <10 mm) resulted in progression of atherosclerotic
KEY POINTS
Ambient air pollution has demonstrated effects on both acute risk of cardiac events as well as chronic progression of inflammatory vascular disease.
New studies have highlighted a likely role for the innate and adaptive immune systems for driving systemic vascular inflammation and oxidative injury after inhalation of air pollutants.
Mixtures of traffic-related emissions may have greater potential for promoting systemic vascular disease than individual sources. lesions, with increased plaque-cell turnover and extracellular lipid pools in coronary and aortic lesions, as well as increased lipids in aortic lesions [25] . In agreement with these findings, Sun et al. [26] reported that exposure to CAPS in the hypercholesterolemic apolipoprotein E-null (ApoE À/À ) mouse resulted in increased plaque lipid content, macrophage infiltration, and induction of vascular reactive oxygen species (ROS). Similar findings have been reported for diesel engine exhaust exposure as well [27 & ,28 & ]. The size of the particulate matter (which may also reflect compositional differences) may play a significant role in the degree of plaque growth and/or lipid composition with exposure. In a study of the effects of PM 2.5 vs. ultrafine particles (UFPs; mass mean aerodynamic diameter <0.18 mm), it was reported that UFP-exposed ApoE À/À mice developed 25 vs. 55% more aortic atherosclerosis, assessed by the mean lesional area in the aortic root, compared with PM 2.5 or filtered air-exposed mice [29] .
Investigations into the pathways that contribute to air pollution-mediated progression of atherosclerosis have reported that both subchronic and acute inhalation exposures to traffic-generated air pollution in ApoE À/À mice lead to increased plasma oxLDL, vascular ROS, ET-1 expression, and MMP expression and activity [20, 30] . A role for altered lipid homeostasis and signaling in air pollutionmediated progression of atherosclerosis was noted following exposure of ApoE À/À mice to mixed vehicular emissions (gasoline and diesel combined), which resulted in increased expression of the oxLDL receptor LOX-1 in vascular endothelial cells, which is known to be upregulated in human atherosclerosis and is responsible for mediating increased oxLDL uptake into plaques [31, 32] . Although the pathways involved in air pollution-mediated atherosclerosis are beginning to be identified, further research is needed to understand which components of the complex mixture of air pollutants are most toxic, and how genetics, dietary differences, and underlying diseases of susceptible individuals contribute to exposure-related progression of cardiovascular disease.
POTENTIAL PATHWAYS LINKING AIRWAY EXPOSURE TO SYSTEMIC VASCULAR DISEASE
Both innate and adaptive immune response activation may be mechanisms by which exposure to vehicular-source and ambient air pollution contributes to atherosclerosis progression. There is considerable evidence that exposure to a number of components of ambient air pollution stimulates an innate immune response with the expression of cytokines by macrophages, dendritic cells, and epithelial cells within the lungs and that this response is, in part, mediated by activation of TLR-2 and TLR-4 [33] [34] [35] [36] [37] [38] . This can lead to increases in plasma cytokines, both proinflammatory and antiinflammatory. Given that atherosclerosis is a unique type of chronic inflammation, it stands to reason that ambient air pollution-induced increases in proinflammatory cytokines could have an indirect effect of contributing to the on-going inflammation within the atherosclerotic plaque. Cytokines such as tumor necrosis factor-a, interleukin (IL)-6, and IL-12 have all been shown to have proatherogenic effects in hyperlipidemic mouse models of atherosclerosis [39] [40] [41] . On the other hand, there is also evidence that engine emissions and ambient pollutants can play an adjuvant role with respiratory allergens and induce an antiinflammatory Th-2 response and a switch of B cells to secretion of IgE [42] [43] [44] . Thus, the ultimate effect of exposure to trafficderived air pollution on atherosclerosis may depend on whether an individual has been sensitized to respiratory allergens. A thorough test of this 'indirect' hypothesis will require exposure of mice with cell type-specific deficiencies in the Toll receptors, the proinflammatory cytokines, or their receptors. In addition to ambient air-pollutant effects on the innate immune response, there is emerging evidence that exposure may also have direct effects on lymphocytes populating the lungs or associated lymph nodes and effects on numbers of circulating lymphocytes [44, 45] . One example is recent evidence that air pollutants have inhibitory effects on T regulatory cells [46] , which are considered atheroprotective [47, 48] .
A leading paradigm for how air-pollutant exposure contributes to lung disease and atherosclerosis is the induction of oxidative stress [49] . Increases in ROS generation accompany activation of an innate immune response via engagement of TLRs and scavenger receptors [38] . Pollutant exposure and oxidative stress in the lungs also contributes to increases in markers of systemic oxidative stress such as oxLDL and antibodies to oxLDL [7 && ,50,51] . It is also possible that exposure to ambient air particulates stimulates the formation of oxidized phospholipids in the lungs presumably derived from the oxidation of lung surfactant. are also circulating antibodies that recognize oxidized phospholipids, although it is still controversial whether these antibodies are proatherogenic or antiatherogenic [55, 56] .
In all of the cases cited above, the effects on atherosclerosis of pollutant exposure are indirect. However, there is some limited evidence that UFPs may be able to enter the circulation and, thus, could have direct effects on the blood vessels [57, 58] . So far, there have not been reports of ambient air-pollutant particulates within atherosclerotic plaques. However, there have been reports of pollutant effects in the brain and central nervous system [59, 60] suggesting that components of air pollutants can cross the blood-brain barrier. Thus, air-pollutant exposure could have neurological effects that could in turn affect vascular functions and atherosclerosis. Finally, it is also conceivable that macrophages and dendritic cells that take up the particulates in the lungs could egress from the lungs in transit to lymph nodes for antigen presentation. Additional studies with tracerlabeled particulates are needed to further test this hypothesis.
LINKING COMPLEX POLLUTANT MIXTURE WITH COMPLEX DISEASE
Air pollution is a complex chemical mixture made up of both solid (particulates) and gaseous components. Although air quality monitoring networks throughout the United States provide large quantities of highly useful data, they also fail to capture much of the temporal and spatial dynamics that impacts the daily lives of the public. For justifiable reasons, local air quality monitoring stations are located at a reasonable distance from traffic, yet people spend a great deal of time in traffic with very immediate and proximal exposures to vehicular emissions. Several recent studies have observed a signal from traffic-related emissions, either by assessing health impacts of living close to roadways [5, 61] or by source apportionment methods [62] . These studies typically find that fresh vehicular emissions are associated with a stronger negative health impact than other metrics of air pollution.
Owing to the vast number of chemicals in combustion source emissions, sorting out both individual drivers of vascular toxicity as well as potential interactions among pollution components has been a major challenge. The vascular toxicity of a number of gaseous air pollutants has recently been explored to determine whether they might explain the responses to gasoline engine emissions. Multivariate analysis indicated that NO, NO 2 , and CO were strong predictors of vascular lipid peroxidation and induction of MMP-9 and ET-1 mRNA. In 7-day exposures, NO and CO could both induce several outcomes, albeit to a lesser degree, of gasoline exhaust exposure, including activation of MMP-9 and upregulation of ET-1 mRNA [63] . NO 2 did not seem to exhibit substantial systemic vascular effects.
Scientists in the field have long hypothesized a potential interaction between specific gases and particles, with the assumption that gases may adhere to or modify the chemistry of particulate matter, thereby altering the toxicity of particulate matter. Earlier studies found that 'incubating' diesel particulate matter with ozone would dramatically increase the toxicity of diesel particles [64] . Most recent efforts have focused on filtering particulate matter from whole emissions, ostensibly to compare the relative contribution of particulate matter. In acute human studies, it was found that whole diesel emissions could alter vasoreactivity [17] , but this effect could not be replicated by either ambient particulate matter or NO 2 (a major gaseous component of diesel emissions) by themselves [65, 66] . Particle traps, however, installed on the diesel exhaust system did have a demonstrable protective effect on vasomotor effects of whole diesel [67 && ]. The permutation missing from these valuable human studies is exposure to freshly generated diesel particulate matter in the absence of the copollutant gases. That is, is it really the diesel particulate matter that is so toxic, or is it the fresh diesel particulate matter with volatile/semivolatile adherents from the gas phase the concern? If so, then efforts to filter diesel particulate matter from engines will still be beneficial, but there are a number of other background particles, including road dust, onto which the gas phase components may still adhere. In animal studies of a more chronic nature, filtration of particulate matter from gasoline or diesel engines had minimal impact on biomarkers of vascular disease [27 & ,30] . When gasoline emissions and diesel emissions were combined, however, an interaction between gases and particles became clear. Vascular oxidative stress in ApoE-null mice exposed to this mixed emissions model was synergistically increased compared with either of the individual emissions [7 && ]. Moreover, filtration of the particulate fraction almost completely removed the effect, whereas adding the mixed vehicular gases to secondary particles significantly increased vascular toxicity. The authors proposed that this effect may relate to the complex surface area of diesel particles that acts to carry volatile organic compounds (which are quite high in the gasoline engine emissions, but not in diesel) deeper into the lungs and also afford a longer residence time.
CONCLUSION
It seems clear that a number of components of combustion emissions may exhibit vascular toxicity, but limited experimental evidence exists currently from which to derive a model of interactive or cumulative effects. Much has been learned in the past decade in terms of the breadth of cardiovascular health implications of air pollution, and a number of cogent mechanistic pathways have emerged in recent years. As we continue to elaborate the potential health effects and mechanisms thereof, we will have improved means of determining susceptibility in individuals in order to better manage risk in the vulnerable patient. Additionally, going forward, greater emphasis on mixtures will be necessary from a research point of view to support incorporating mixtures or concepts of cumulative impacts into the regulatory framework.
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